To improve the performance of an X-ray nanobeam, we demonstrate the in situ determination and correction of the figure error of an elliptical mirror. The phase error profile on the mirror surface, which represents the figure error, is numerically reconstructed from the X-ray intensity distribution measured at the focal plane. The figure error is corrected by depositing a Pt film on the surface with subnanometer thickness controllability. Results of focusing experiments and subsequent analysis show a great improvement in focusing performance.
Introduction
It is well known that the wavelength ultimately limits the smallest spot size at which light can be focused. Since the wavelengths of hard X-rays are extremely short, the theoretical limit of the focal spot size reaches the angstrom scale. The possibility of angstrom focusing has motivated X-ray physicists to develop high-precision optical devices. Recently, a focal spot size below 100 nm has been achieved with state-of-the-art focusing devices, such as elliptically figured mirrors, 1, 2) Fresnel zone plates, 3) multilayer Laue lenses, 4) and refractive lenses. 5) In particular, the elliptically figured mirrors are considered to be promising from the viewpoint of applications because they provide a higher efficiency and a larger focal length than the other focusing devices.
The performance of focused X-ray beams is ultimately determined by the figure accuracy of the mirror surface. The elliptical shape of the mirror surface is generally produced by repeating the measurement and correction of figure error. With this procedure, we succeeded in focusing X-rays onedimensionally to a spot as narrow as 25 nm using a directly figured elliptical mirror at a photon energy of 15 keV. 6) However, nanofocusing mirrors are very difficult to fabricate, because the optical interferometry used for 25 nm focusing mirrors was proven unreliable for the large curvatures of such mirrors. Furthermore, nanofocusing mirrors require a large glancing angle to obtain a large numerical aperture, which increases the effect of figure error on the wavefront distortion of reflected beams. These difficulties in fabricating mirrors have prevented the realization of sub-10 nm hard X-ray focusing. For mirrors used for more moderate focusing, the figure accuracy of the mirror surface is also an important factor, because, as will be discussed below, a slight distortion of the wavefront that does not affect spot size can reduce the X-ray intensity at the focal point and produce unwanted satellite peaks outside the spot. The deterioration of beam quality due to the above factors is undesirable for any application of an X-ray probe.
To overcome the technical difficulties in fabricating nanofocusing mirrors, it is indispensable to develop highprecision measurement and correction methods for mirror shapes based on new concepts. In this study, we demonstrated the measurement and correction of the figure error of a 30 nm focusing mirror. The figure error was estimated from the measured intensity profile at the focal plane by a phase-retrieval method and was subsequently corrected by depositing a Pt film on the mirror surface with subnanometer controllability. A detailed comparison of the focusing performance characteristics obtained before and after figure correction was also performed.
Figure-Error Measurement of Focusing Mirror
Based on Phase-Retrieval Method
The mirror used in the experiment was a total-reflection mirror made from a Si monocrystalline block. An elliptically shaped substrate was precisely figured by computer-controlled figuring systems based on elastic emission machining and was coated with Pt. The fabricated length was 96 mm. The glancing angle and focal length were set to 3.26 mrad and 128 mm, respectively. The diffraction-limited spot size was calculated to be 29 nm at the full width at half maximum (FWHM) of the main peak at an X-ray energy of 15 keV. The focusing test was performed at the 1 km beamline (BL29XUL) of SPring-8. Figure 1 (a) shows the normalized intensity profile measured at the focal plane of a line-focused X-ray beam. The profile was obtained by measuring the intensity of the X-rays scattered from the edge of a precisely shaped microprobe, which was scanned along the focal plane.
7) The width of the main peak was 32 nm (FWHM), which agreed well with the diffraction-limited size. However, relatively high satellite peaks were observed, which were considered to originate from the minute figure error of the mirror surface. We note that the shapes of high-order peaks were determined very precisely, which was crucial to the subsequent phaseretrieval calculation.
Figure 1(b) shows the semilogarithmic graph of the same profile. The phase error profile on the mirror surface, which represents the figure error of the mirror, was recovered from the measured intensity profile by a phase-retrieval method. 8) Subsequently, a beam profile was reconstructed by wave propagation simulation from the mirror surface with the obtained figure error, and a good agreement was obtained between the reconstructed and measured intensity profiles. This finding partially supports the high reliability of the determined figure error. The figure error [shown in Fig. 1(c) ] had a spatial wavelength of the centimeter order and a peakto-valley height of approximately 4 nm. The height corresponds to a phase error of reflected X-rays of about 0.3 wavelengths.
Figure-Error Correction by Differential Deposition
We developed a figure-correction system with a subnanometer-scale precision based on sputtering deposition for the figure correction of the focusing mirror. 9) A schematic illustration of the system is shown in Fig. 2 . This system is based on a conventional DC magnetron sputtering method. Horizontal and vertical slits were placed in the system to localize the deposition area. The horizontal slit fixed to the inner wall of the chamber defines the length of the deposition spot along the longitudinal direction of the mirror. On the other hand, the vertical slit closely attached to the mirror surface defines the deposition area in the lateral direction. The precise control of the stage scan speed enables us to produce Pt films with intended thickness profiles on the mirror surface. In this experiment, the widths of the horizontal and vertical slits were set to be 1 and 2.5 mm, respectively. The diameter of the Pt target was 50 mm and the electric power was maintained at 50 W during the deposition. The Ar gas pressure was 0.06 Pa.
The graph in Fig. 2 shows the thickness distribution of the Pt film deposited on a Si monocrystalline block while maintaining the substrate position. The film was deposited on the flat surface of the substrate; subsequently, the entire surface was uniformly coated with Pt to enable surface profiling by optical interferometry. As shown in Fig. 2 , the width of the deposited film was approximately 2 mm, which is considered to be sufficiently small for correcting the figure error with a centimeter-order spatial wavelength.
The figure error of the mirror was corrected by depositing a Pt film whose thickness profile was set to make the profile shown in Fig. 1 flat. The scan speed of the mirror stage during deposition was programmed by a deconvolution method considering both the thickness profile shown in Fig. 2 and the profile to be produced. The thickness of the film was evaluated after deposition by measuring the step height at the edge of the film by optical interferometry and was confirmed to be in good agreement with the designed value, as shown in Fig. 3 .
Evaluation of Focusing Performance
The focusing test using the figure-corrected mirror was performed at the 1 km beamline. Figure 4 shows a compar- ison between the focused-beam profiles obtained before and after figure correction. The profiles were normalized by the intensity of the main peak. We can clearly observe that the height of the satellite peak decreased, and generally, the profile significantly improved. Figure 5 shows the wavefields around the focal point obtained by simulation. The profiles were reconstructed by wave propagation simulation from the mirror surface with the figure errors, which were determined from the beam profiles measured on the focal plane. To ensure the reliability of these simulation results, the measured and reconstructed beam profiles were mutually compared on both the focal planes and the planes 50 mm upstream of the foci, which indicated good agreement. By this verification, the local minimum problem in the phase-retrieval calculation can also be eliminated. The comparison between the wavefield images obtained before and after figure correction clearly showed a great improvement in beam quality, and the simulation results also showed that the intensity of the main peak at the focal plane increased by nearly 30%.
Discussion
The wavefield reconstructions conducted before and after figure correction revealed a great improvement in beam quality. The increase in the X-ray intensity at the focus is important for applications, because it contributes to the increase in signal intensity and the reduction in measurement time in all types of microscopy. On the other hand, the decrease in satellite peak intensity is expected to reduce the noise level in microscopy techniques, and the nearly ideal wavefield obtained after figure correction is also considered to be preferable for application to coherent X-ray diffraction microscopy.
It is also important that this demonstration proved the high reliability of the figure-error measurement method employed. In the experiment, the wavefront phase error of the reflected X-ray was determined by the phase-retrieval method using only the measured beam profile at the focal plane and was successfully corrected by the precise correction of the mirror shape as we intended. Furthermore, the wavefields reconstructed before and after figure correction were consistent with the measured profiles at more than one plane near the focus. These findings strongly support the high accuracy and reliability of the method used to determine figure error.
The experimental results proved that the measurement and correction procedure for the figure error of the focusing mirror is a very effective approach to nanobeam quality improvement. The figure-correction method based on sputter deposition exhibited subnanometer-scale thickness controllability, which can be considered to be sufficient for correcting the minute figure error on the mirror surface. The differential deposition method can be considered the most suitable method for correcting the minute figure error on an X-ray mirror surface with a metal coating because of its high accuracy and reproducibility.
Conclusions
The figure error of an X-ray focusing mirror was measured and corrected to improve the focusing performance. The figure error was successfully determined by a phase-retrieval method using the X-ray intensity profile precisely measured at the focal plane; subsequently, it was corrected with subnanometer controllability by the deposition of an additional Pt film. As a result of the focusing experiment at the 1 km beamline of SPring-8, the focusing performance was found to be significantly improved, and subsequent analysis by wave optical simulation revealed great improvements in beam quality including a large increase in main peak intensity. This study is expected to contribute to the quality improvement of existing X-ray microprobes and the realization of sub-10 nm focusing of X-rays. 
